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ABSTRACT
Capacitors are critical devices in microelectronic assemblies that must be 
incorporated into electronic systems through a variety of ways such as integrated or 
discrete devices. This work has developed new thin film capacitors deposited directly 
onto multichip module or printed circuit board surfaces to benefit from closer integration 
that enhances system performance for use in high reliability applications. The capacitors 
serve as filters or provide tuning and energy storage functions. Unexpected performance 
was observed during development that included low adhesion of the films to the 
substrates, higher effective dielectric constants than reported in literature, and low yields. 
Three publications resulted from this work with Paper I presenting a study of thin films 
on low temperature cofired ceramic (LTCC) and their reliability for multiple functions. 
The thin film and LTCC system are modeled with results suggesting a mechanism of 
enhancing thin film adhesion to the LTCC through a combination film composition and 
surface modification. Paper II presents measurements of dielectric properties of thin film 
capacitors on LTCC. Multiple mechanisms are detailed that contribute to the measured 
dielectric constant values of the capacitors. One case is modeled to determine the extent 
of dielectric constant enhancement from fringe fields related to capacitor dimensions. 
Paper III describes the behavior of thin film capacitors with varying electrode 
compositions and configurations. Trends are observed that suggest energy band overlap 
and electrode work functions are influential in dielectric properties and yield of the 
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The purpose of this research is to characterize thin film dielectrics and conductors 
important to capacitors and other devices on a variety of LTCC and glass substrates as an 
alternative technology to discrete capacitor devices for use within MCMs. Specifically, 
the processing, structure, properties, and performance (PSPP) interrelations of the thin 
films for capacitors and other functionality on these substrates has been explored and 
documented in peer reviewed journal articles. Gaining an understanding of these 
relationships is important for using these materials and devices at high frequencies and 
fields and ensuring they demonstrate high reliability and performance. In particular, the 
material interactions between electrodes and dielectrics within metal-insulator-metal 
(MIM) capacitors, surfaces the devices are fabricated on, and the relationship between the 
materials and adhesion to the substrates requires more complete understanding.
The first article has been completed and published and this describes how surface 
energies of thin film metals and LTCC substrate materials can be used to determine the 
preferred combinations for enhanced film adhesion. The article titled “Thermodynamic 
Analysis of Physical Vapor Deposited Thin Films on Low Temperature Cofired 
Ceramic” was published in 2016 in the peer reviewed Journal of Microelectronics and 
Electronic Packaging.
The second article has been completed and submitted for review, and it describes 
the multiple mechanisms that contribute to dielectric constant enhancement. One such 
mechanism is the contribution of fringe field capacitance to the observed capacitance and 
the relationship of the fringe field capacitance to capacitor geometry, including electrode 
edge tapering. The extent of the contribution to increased capacitance, and therefore 
effective dielectric constant enhancement due to fringe fields, is modeled and reported. 
This article was submitted to the International Journal of Ceramic Science and 
Technology on January 26, 2021.
The third article focused on effects of various materials on the performance of 
thin film capacitors. This paper reported on the experiments exploring Ag, Al, Au, Cu, 
and Pt electrodes in multiple combinations with AhO3 as the dielectric. Non-Ohmic, 
non-linear conduction was observed in capacitors with certain electrode materials and 
this behavior was studied in-depth along with the effect of dielectric thickness and 
substrate material. This article was submitted to IEEE Transactions on Dielectrics and 
Electrical Insulation on March 24, 2021.
1.2. BACKGROUND
The reliability and performance of thin film capacitors are ultimately influenced 
by the relationships between their materials, processing, and use cases. In this research, 
thin film capacitors on LTCC involved multiple material sets including evaluations of 
Ag, Al, Au, Cu, and Pt electrodes, AhO3 dielectric films as well as Ti and Cr adhesion 
layers and oxide variants of these metals within circuit traces. The performance of these 
materials was evaluated relative to various configurations of capacitors and MCMs.
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1.2.1. Capacitors and Dielectrics. Capacitors are found within almost every 
modern electronic system. Metal oxide (ceramic) dielectrics are suitable materials for 
capacitors due to advantageous dielectric properties including a variable and high 
dielectric constant (from three up to thousands or tens of thousands), low dielectric loss 
(< 0.01), and high dielectric strength (typically > 105 V/cm) [1]. Recognizing these 
properties all vary with frequency, electric field, and temperature, designers often 
develop new materials optimized for specific applications.
Ceramic dielectrics can behave linearly or non-linearly with respect to frequency, 
electric field, and temperature depending on their structure and chemical composition. 
This work characterized dielectric thin film materials that behaved both linearly and non­
linearly. In some cases, materials that were expected to behave linearly based on their 
composition and crystal structure behaved non-linearly. This work explores the behavior 
of these materials for a wide range of DC and RF (MHz+) applications where different 
dielectric classes are suitable, to better understand the relationships between the 
processing, structure, properties, and performance of the capacitors.
In their simplest form, fundamentally, capacitors can be described as a dielectric 
between two parallel plate electrodes, i.e. a metal-insulator-metal (MIM) configuration. 
The capacitors can be combined in a series or parallel configuration to increase or 
decrease the overall capacitance of the device. The relationship that determines the 
performance of a capacitor is shown in Eq. 1




where C is capacitance, e0 is the permittivity of free space (8.85 x 10"12 F/m), er is the 
relative permittivity or effective dielectric constant of the material, A is the active area of 
the dielectric between the electrodes, and d is the thickness of the dielectric.
Using the basic relationships in Eq. 1, researchers and manufacturers have worked 
to maximize capacitance while minimizing the form factor by developing ever higher 
dielectric constant materials while simultaneously making the dielectric thinner. The 
present research desires to also take advantage of that fundamental relationship through 
the alternate fabrication method of thin film deposition that enables integration of the 
capacitor directly onto or into the substrate, PWB, or MCM. This is driven from the 
desire to reduce form factor, increase integration, tailor properties and performance, and 
protect from supply chain volatility.
Thin film deposition enables a sub-micron dielectric thickness and tailorable form 
factor devices. Thin films can be deposited directly onto the ceramic or glass substrate, 
increasing integration and eliminating solder joints, thereby eliminating a potential and 
common failure mode related to solder. The thin film devices can also be positioned so 
that parasitics, such as inductance, are reduced in the overall circuit, further increasing 
device performance [2]. Lastly, the thin film devices can be manufactured in-house, 
lowering the exposure to supply chain volatility for passive devices as has been 
experienced multiple times over the past three decades [3-8]. A contributing factor to the 
desire to develop devices in-house to avoid supply chain volatility is that in recent years, 
demand for MLCCs has increased dramatically, driven in part by the increased use of 
electronics within the automotive market, as can be seen in Figure 1.1.
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Additional considerations include temperature and frequency stability for 
selection of a dielectric for RF applications [9]. Dielectric constant is impacted 
dramatically by frequency, atomic structure, and composition. Amorphous thin films are 
expected to have much lower dielectric constants in general due to the absence of dipolar 
polarization.
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Figure 1.1: Relative quantity of MLCCs by application (left) [10] and demand within the
automotive market (right). [11]
1.2.2. Thin Films and LTCC. Thin films on ceramic and glass substrates have 
offered compelling solutions for many electronic interconnect and packaging challenges 
for decades [12]. On the other hand, thin films have their own challenges that have 
limited broader application [13]. This research explores the state-of-the art for thin films 
on ceramic and glass substrates for interconnects and capacitors, addresses adhesion 
studies, and the processing, structure, properties, and performance of thin film capacitors 
with the potential to address prior challenges. Three areas of focus are film adhesion,
surface roughness and coatings, and electrode effects on device performance and 
reliability. Low temperature cofired ceramic (LTCC) has been a useful substrate material 
for more than 30 years in the microelectronics industry. LTCC have high reliability, high 
performance, and can be used for specialty applications and for multichip module 
(MCM) substrates [14, 15]. More recently, new glass substrate formulations have 
emerged for similar applications when used with thin films for multilayer interconnects 
[16]. The studies in this work evaluate thin films primarily on LTCC, but also describe 
some examples of capacitors on glass.
LTCC was designed to be compatible with thick film printing methods to pattern 
internal and external metallizations for circuit patterns. [17] In addition to 
metallizations, LTCC materials include resistor, dielectric, and ferrite thick film inks that 
can be used to create integrated passive devices such as resitors, capacitors, and inductors 
as shown in Figure 1.2 (left). [18-21] In order to overcome challenges of thick film 
dimensional limitations for LTCC, Wolf, et al. developed a thin film metallization system 
capable of finer lines and spaces (Figure 1.2, right) and compatible with LTCC. [22] 
Goals of developing a thin film metallization system for LTCC included maintaining the 
ability to have solderable surfaces as well as improving wire bonding since LTCC MCMs 
use chip-and-wire where ICs are directly bonded to the LTCC surface and wire bonded to 
the circuit pattern to complete the interconnections of the IC to the MCM. This is in 
contrast to packaged ICs that are encapsulated in an epoxy, ceramic, or metal package 
and require additional surface area in the MCM as compared with chip-and-wire.
Thin films on LTCC are not as mature as thick films and the LTCC was not 
originally engineered with this in mind. One of the challenges that the separate
6
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development of LTCC and thin films on LTCC created is related to the dimensional 
predictability of the sintered LTCC. LTCC begins as unfired, flexible layers that are 
intended to be patterned primarily prior to firing. The firing process results in the LTCC 
densifying and reducing in X, Y, and Z-dimensions with a final size that is dependent on 
the metallization loading. [23] Since thin films are applied to the LTCC surface after 
firing and each MCM varies by 400 pm or more across a 12 cm x 12 cm substrate, 
alignment of the this films to the underlying LTCC features is one of the more substantial 
challenges. In the present research adhesion of the thin films on the as-fired surfaces and 
the performance of thin film capacitors are the major considerations.
Figure 1.2: (left) Exploded view of an MCM-C with surface mount and embedded 
passive components, (right) Thin film pattern definition on LTCC. ©Copyright 
Honeywell Federal Manufacturing & Technologies LLC, 2019
1.2.3. Adhesion Studies and Issues. Adhesion of the thin films on the as-fired 
LTCC surface was determined to be one of the issues that required increased 
understanding in order to predict the long-term reliability of the LTCC MCMs. While 
there is a fundamental understanding of glass adhesion to metal surfaces [24], there has
been less focus on understanding adhesion of thin metal films on the ceramic-filled glass 
LTCC substrate surfaces. Specifically, an understanding of the mechanisms that 
underpin adhesion of thin films on LTCC was needed in order to develop improved 
reliability of this technology.
Thin films on ceramic and glass substrates is an existing technology that provides 
a starting point for understanding thin film adhesion on LTCC. Early work by Benjamin 
et al. noted that thin film adhesion had largely been neglected up to that point and that 
there were conflicting theories on the mechanism of adhesion. They proposed that 
oxygen atoms acted as a bridge between the deposited metal film and the glass substrate 
[25]. Their study revealed different levels of adhesion for metal films deposited on the 
glass, with adhesion being highest for oxygen-active metals such as Ti, Cr, Fe, and Ni.
The present research used physics-based computer modeling to calculate the total 
energy of the thin film metal on LTCC through a simplified representation of the LTCC. 
This modeling was based on the true work of adhesion (WA) that was proposed by 
Volinsky, et al. and represented by the following equation:
WA = Yf + Y s- Yfs (2)
where Yf, Ys, and Yfs are the specific surface energies of the film, substrate, and interface, 
respectively. [26] The total energy of the system can be represented by the following 
equation:
AE = Etotal -  (Ef  + Es) (3)
where Ef and Es are the potential energies of the film and substrate, respectively.
This allowed the total system to be modeled and values for film and substrate energies 
calculated as representative of the adhesion of the system.
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1.2.4. Metallization Behavior and Issues. The effect of various electrode
materials on the performance of thin film capacitors has also been investigated. Many 
thin film MIM capacitor systems have been characterized in multiple configurations, 
materials systems, and on a variety of substrates. Thin film capacitors can exhibit non­
linear conduction behavior with respect to fields and frequencies. The impact of the band 
energies of the electrode and dielectric materials has been noted as contributing to 
capacitor conductivity and performance. [27, 28] In these studies, Schottky emission has 
been proposed as the mechanism for conduction, as described in Eq. 4
J  =  A T 2ex p
-E 2 -0
kT (4)
where, J is current density, A is the Richardson constant, E is the applied electric field, 0 
is the barrier potential, k is the Boltzmann constant, and T is temperature.
Other possible conduction mechanisms include space charge limited current (Eq. 










Here K is the dielectric constant, e0 the permittivity of free space, p is the mobility, V is 
the voltage, t the dielectric thickness, and B is a constant. The dependence of current 
density on field allows for the determination of the physical mechanism contributing to 
conduction. In the present study, the various electrode metallization/dielectric
combinations were evaluated to determine the primary mechanisms contributing to 
conduction and capacitor performance.
One scenario related to this non-linear conduction behavior is described in Figure
1.3. In this diagram, the work function of the dielectric is greater than that of the metal, 
resulting in electron transfer and the formation of an accumulation layer in the dielectric. 
This is an ohmic contact. If an accumulation layer forms in a typical capacitor dielectric 
where the dielectric has a thickness on the order of many microns, the accumulation layer 
is so small relative to the insulator that it is not noticed. This may not be the case for thin 
film dielectrics where the overall thickness is on the order of 1 micron or less. In some 
cases, the accumulation layers could be large enough relative to the dielectric thickness 
that they actually overlap, leading to failure of the capacitor.
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Figure 1.3: Band bending due to Fermi level equilibration
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1.2.5. Fringe Field Effects. The third area of interest is the interaction of the size 
of devices with fringe fields created at electrode edges and the impact of dielectric 
properties on those fringe fields. MIM capacitors are expected to behave according to 
Eq. 1, however device geometries may result in a capacitance greater than that predicted 
by this equation. Subramanian, et al. observed empirically that an edge correction 
calculation described by Eq. 7 can account for the capacitance contribution at the edge, 
Ce (units of pF), which scales in proportion to the ratio of the capacitor perimeter, P, and 
thickness, t. [29] This applies to circular, parallel plate capacitors with areas in the 
range of devices considered in this research (~300 pm diameter for the smallest devices 
studied Subramanian, et al.).
Ce = [0.019ln(P/ t )  -  0.043JP (7)
The increase in observed capacitance over the expected capacitance results in a 
larger dielectric constant than expected from Eq. 1. The calculated dielectric constant in 
this research scaled inversely with the capacitor area, which agrees with the empirically 
derived Eq. 7, however the similarities end there. The present research found larger 
increases in measured dielectric constants than were calculated from this empirical 
relationship as the device size decreased.
Advanced electromagnetic modeling tools are available now that can be used to 
understand the expected contribution of fringe fields on devices as the edge dimensions 
decrease, and that take into account additional geometric factors such as tapering of 
electrodes that can further increase capacitance.
1.2.6. Other Process, Material, and Design Considerations. Additional 
process, material, and design factors that contribute to the reliability of MCMs. The
substrate surface roughness, material interactions related to solder joints, and 
electromagnetic isolation between components within an MCM are all important to long 
term reliability. The following sections review these additional factors and introduce 
some of the work that was carried out, but not included within this dissertation, as well as 
related works to the overall topic of MCM and thin film reliability during the dissertation 
research period or prior to this research effort.
1.2.6.1. Substrate surface conditions. Another area of interest is the interaction 
of the substrate or surface condition/roughness on capacitor performance and yield. It 
has been noted that the surface roughness of LTCC is generally much greater than the 
thickness of the films used in thin film MIM capacitors and thus can be a limiting factor 
in the application of thin films on LTCC. [30, 31] To overcome this limitation, multiple 
approaches have been evaluated to reduce LTCC surface roughness. Mechanical 
polishing, dip coating a sol gel material, and thick film printing a glass encapsulant are 
some of the approaches documented for smoothing the surface of LTCC to make it more 
suitable for thin film devices that are sensitive to surface roughness. [32, 33]
Size, weight, and power (SWaP) considerations drive designers in their selection 
of substrate technology for multichip modules. Low Temperature Cofired Ceramic 
(LTCC) has size and performance benefits, particularly for RF applications where there 
are specific LTCC systems with tailored properties. The DuPont 9K7 is one such system 
[34]. Previous work within this research group documented low yields in PVD thin film 
capacitors on DuPont 951 and DuPont 9K7 substrates. Yields ranged from 0% up to 96% 
depending on the combination of substrate, dielectric, and electrode materials. From 
those previous studies, the 9K7 devices had lower overall yields than devices on 951.
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This was attributed in part to a different surface finish and an approach was developed to 
mitigate the effect of surface finish by applying a surface coating to the 9K7 in order to 
develop an LTCC substrate with a lower surface roughness than the as fired substrate 
material. As a result, higher capacitor yields were obtained on these substrates.
I.2.6.2. Thermomechanical design improvements enabled by thin films. 
LTCC is a versatile packaging technolog, and this versatility is in part related to its 
thermomechanical properties such as having a coefficient of thermal expansion (CTE) 
similar to that of silicon, used for the integrated circuits (ICs). The relatively close CTE 
between LTCC and ICs result in low residual stress and low thermally induced stress 
during thermal cycling of MCMs throughout their lifecycle. Every constituent of LTCC 
systems has been co-developed to minimize CTE mismatches while optimizing the 
processing parameters and electrical performance. Still, processing, materials, and 
designs are limited by the presence of discontinuities when a high level of 
electromagnetic isolation (EMI) is required.
Combination of three-dimensional structures with thin film metallizations have 
been created that alleviate the thermomechanical stress at the interfaces between large 
EMI components in MCMs. The first structure was developed to overcome process and 
material limitations of the LTCC system to create a highly isolating Faraday shield in RF 
MCMs. The original concept utilized full tape thickness features (FTTFs) [35-37] in the 
top one or two layers of the LTCC that were filled with via fill conductor. The via fill 
conductor is a composite of an Au alloy and ceramic filler that sinters at a rate similar 
enough to the ceramic layers to minimize the formation of residual stresses when the via 
fill diameters are on the order of the thickness of a single layer of LTCC.
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A modification to the FTTFs has been proposed and implemented that created an 
open channel in a laminated, unfired LTCC stack. This approach was previously not 
disclosed in the literature. The open channel was coated with the multi-layer, multi­
function thin film composition, as described in Paper I, after the LTCC was cofired. 
Multiphysics modeling of the thermomechanical stress was performed to study the stress 
reduction in the solder joint of the LTCC substrate-to-metal seal frame and lid, compared 
to those that develop in a traditional surface mount configuration on a FTTF Faraday slot. 
This work was presented and published in the Proceedings of the 2011 International 
Symposium on Microelectronics prior to the author’s acceptance into the PhD program at 
Missouri S&T. [38] The models confirmed a reduction of residual stress in the solder 
joint that correlated with observed improvement in solder joint reliability.
A further enhancement to the MCM/LTCC system was later proposed which 
consisted of replacing the metal seal frame and lid with an LTCC single piece, integrated 
seal frame and lid component with thin film coating for EMI shielding and solder 
functionality. The concept was reduced to practice with a prototype single piece, LTCC 
seal frame and lid. This LTCC component was integrated into the model architecture 
developed for the study presented and modeled to evaluate if further stress reduction 
could be realized in the solder joint and system with this concept. [38] The study was 
published in the Journal o f Ceramic Science and Technology, 2015, Vol. 6, No. 4, pp. 
261-266 after being accepted into the PhD program at Missouri S&T. [39]. Furthermore, 
the novel concept of a monolithic LTCC seal frame and lid component was patented in
2016. [40]
15
The combination of thin films and novel LTCC structures has been impactful to 
the microelectronics assembly and packaging industry with research continuing by others 
as well as many of these innovations being implemented into use.
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ABSTRACT
Low temperature cofired ceramic (LTCC) has been established as an excellent 
packaging technology for high-reliability, high-density microelectronics. The 
functionality and robustness of rework have been increased through the incorporation of a 
physical vapor deposition (PVD) thin film Ti/Cu/Pt/Au metallization. PVD metallization 
is suitable for radio frequency (RF) applications as well as digital systems. Adhesion of 
the Ti “adhesion layer” to the LTCC as-fired surface is not well understood. Although 
previous work has established extrinsic parameters for delamination mechanisms of thin 
films on LTCC substrates, there is incomplete information regarding the intrinsic (i.e., 
thermodynamic) parameters in the literature. This article analyzes the thermodynamic 
favorability of adhesion between Ti, Cr, and their oxide coatings on LTCC (assumed as 
amorphous silica glass and AhO3). Computational molecular calculations are used to 
determine interface energy as an indication of molecular stability between pair of 
materials at specific temperature. The end result will expand the understanding of thin
film adhesion to LTCC surfaces and assist in increasing the long-term reliability of the 
interface bonding on RF microelectronic layers.
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1. INTRODUCTION
Low temperature cofired ceramic (LTCC) technology is a substrate technology of 
choice for multichip modules (MCMs) exposed to high-temperature and extreme 
environments and requiring high reliability. MCMs consist of a substrate (LTCC in this 
study) with insulator and conductor layers that provide interconnects to integrated circuits 
and passive surface mount components such as capacitors, resistors, and inductors 
(Figure 1, left). Ceramic multichip modules (MCM-Cs; Figure 1, left) have been utilized 
in high-speed, high-reliability, and high density microelectronics for more than 30 y [1]. 
LTCC permits the use of high-conductivity internal metallization for improved high­
speed digital and high-frequency circuit performance. Wolf et al. have developed a thin 
film metallization system compatible with LTCC, which extends the high-frequency 
performance and robustness of MCM-Cs [2]. The thin film metallization increases the 
solder reworkability and also the wire bonding strengths of the LTCC compared to the 
traditional thick film metallizations.
The use of thin film metallization also presents certain challenges to fabrication 
and characterization of LTCC reliability. Thin films are deposited using physical vapor 
deposition (PVD) onto the fired LTCC to create the outer surface circuit definition as 
shown in the right of Figure 1. The outer surface circuit is defined by a glass photomask 
with fixed pattern dimensions. The LTCC final dimensions can vary due to the shrinkage
that occurs during the cofiring process. These two conditions of fixed thin film circuit 
dimensions and varying LTCC final size make alignment between the target features on 
the LTCC and the circuit features of the thin film challenging. Another challenge 
resulting from the use of thin films is the characterization of adhesion strength to the 
LTCC for understanding long-term reliability and quality control standards.
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LTCC with Embedded Passives
Figure 1: (Left) Exploded view of an MCM-C with surface mount and embedded passive 
components. (Right) Thin film pattern definition on LTCC.
The use of thin films on ceramic and glass substrates has been prolific for 
decades; however, the understanding of the adhesion mechanisms and characteristics has 
not been advanced significantly since early work explored this topic. Benjamin et al. 
noted at the time of their publication that this topic had largely been neglected as well and 
that there were conflicting theories on the mechanism of adhesion. They proposed that 
oxygen atoms acted as a bridge between the deposited metal film and the glass substrate 
[3]. Their study revealed different levels of adhesion for different metals deposited on the 
glass, with adhesion being the highest for oxygen-active metals such as Ti, Cr, Fe, and
Ni.
Other researchers have studied the interfacial toughness measurements of such 
systems related to microelectronics and reported their results acknowledging the role of 
thermodynamics in adhesion, but without exploring the thermodynamic models [4]. In 
their work, the true work of adhesion (Wa) is proposed to be represented by the following 
equation:
Wa = Yf +Ys-Yfs (1)
where Yf, Ys, and Yfs are the specific surface energies of the film, substrate, and interface, 
respectively. The total energy of the system can be represented by the following equation:
= ETotal -  (Ef  + Es) (2)
where Ef and Es are the potential energies of the film and substrate, respectively.
The primary goal of this work is to understand the favorability or lack thereof, for 
adhesion of thin film Ti, Ti2O3, or TiO2 and Cr or & 2O3 on LTCC through the use of 
quantum mechanics (QM) and molecular dynamics (MD) by analyzing the interfacial 
energies of these systems.
2. MODELING AND CALCULATIONS
Development of MCM-Cs at Honeywell has resulted in a thin film on LTCC 
system as reported previously by Wolf et al., which serves as the base system in this 
study [5]. The LTCC substrate material is a Ca, Mg, K, Na, Pb-containing alumino- 
borosilicate glass with AkO3 particles. The thin film metal is a multifunction, multilayer 
system deposited by electron-beam-evaporative PVD. The multilayer thin film consists of
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a Ti “adhesion” layer, Cu layer for radio frequency performance, Pt layer for solder 
connection and leach protection, and Au cover layer for wire bonding (Figure 2). The 
complexity of this material system and metal film configuration has necessitated the 
simplification of modeling and calculations in the context of this study. The LTCC 
interface models have been built as SiO2 and AhO3 substrates in conjunction with 
different metal or metal oxide coatings stacked on the top, thus, Ti, TiO2, Ti2O3, Cr, and 
& 2O3 . In this study, metal oxides are compared to the pure elements to determine 
thermodynamic energy stabilities, with the purpose of driving processing conditions to 
the most favorable adhesion case. A schematic representing the thermodynamic system of 
LTCC during PVD is shown in Figure 3 that includes a 2 phase substrate consisting of 
amorphous silica and AhO3, thin film metallization, and metal atoms in a vacuum.
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Figure 2: (Left) Schematic cross section of thin film layers covering a thick film cover 
pad on a typical LTCC substrate. (Right) Ion-beam milled edge of multifunction, 
multilayer thin film on LTCC imaged in scanning electron microscope.
Two different molecular computational methods were explored in this work: an
MD approach and a QM approach.
21
LTCC
(Amorphous S i 0 2 +  A I2O 3)
Figure 3: Thermodynamic representation of LTCC/thin film system.
2.1. MD APPROACH
Despite the reduced computational expense of the MD approach, the difficulty of 
finding accurate force fields for pure metals restricted this methodology to only the case 
of Ti2O3 as the thin film layer on LTCC substrates, considering temperature effects. The 
total energy was calculated for cells of crystalline silica (quartz) and titanium oxide III 
(Ti2O3), as well as alumina (AhO3) and titanium oxide III (Ti2O3) at temperatures 300, 
600, and 900 K. Schematic representations of the MD models are shown in Figure 4 as 
well as the converging energy curves for each case in Figure 5. Interface energy is 
measured in megajoules/mole and refers to the converging energy as the structure 
approaches a more stable configuration. Therefore, when comparing energies between 
cases, the lowest energy value indicates the more favorable thermodynamic combination 
of substrate and thin film layer, which would be expected to have better reliability in 
terms of interface adhesion.
From the MD approach, it can be seen from Figure 5 that alumina will have a 
favored stability with titanium oxide III (Ti2O3). Temperature proved to have minor 
impact on these results. The interaction between this specific combinations of materials is
later confirmed through the QM approach when considering titanium and the different 
forms of titanium oxides (II and III) on both substrates.
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Figure 4: MD geometry optimization of crystalline models as function of temperature: 
original structure, 300, 600, and 900 K, for (a-d) silica/Ti2O3 and (e-h) alumina/Ti2O3
systems.
Figure 5: Converging energy over time for the interaction between a Ti2O3 thin film on 
silica and alumina substrates as function of temperature using the MD approach.
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Because of the limitations of MD when simulating metals, a second approach 
utilized QM, despite its increased computational expense. Thus, on average, each case of 
QM took 96 h to converge versus 2 h using MD on 16 processor cores.
QM proved the most thorough and reliable approach to quantify differences 
between Cr and Ti and their oxides on both substrates, amorphous SiO2 and Al2O3. Ti 
and Cr were suggested as candidates to improve adhesion, but concerns about processing 
conditions led to an evaluation of the effect of their oxides at the interface. For this 
approach, 10 cases were built and optimized using QM to determine total energy as an 
indicator of stability of the interface between amorphous silica (SiO2) and alumina 
(AhO3) substrates with thin films of titanium (Ti), chromium (Cr), and their oxides 
(TiO2, Ti2O3, and & 2O3) as shown in Figure 6 .
Table 1 shows the most favorable combination at the top (lowest energy, more 
thermodynamically stable) and the least favorable combination at the bottom (highest 
energy). All energy calculations were done using CASTEP, a QM method in Materials 
Studio 8.0 (BIOVIA, San Diego, CA) that employs density functional theory (DFT) with 
a plane-wave basis set [6 ]. This allowed for exploration of the properties of crystals and 
surfaces in solid state materials.
The following steps were taken to model and simulate the interface interaction:
1. Construction of the crystal structure of the thin film material.
2. Determination of lattice parameters for minimum interface area.
3. Construction of the crystal structure of the alumina substrate, or building 
amorphous silica to the same interfacial cell size.
2.2. QM APPROACH
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4. Stacking layers for surface-to-surface interaction.
5. Running geometry optimization using CASTEP (QM method).
6 . Normalization of energy by interface area.
Energy/Iinterface Area
Cr Cr20 3 Ti T i0 2 Ti20 3
-3500 -3.27E+03
Figure 6 : Converging energy for interfaces of silica substrate and alumina substrate with 
titanium, chromium, and their oxides using QM approach.







Al20 3-Cr20 3 -2.25xl03
Al20 3-Ti20 3 -2.09 xlO3
Si02-Cr20 3 -2.08 xlO3
Si02-Ti20 3 -1.78 xlO3
Al20 3-Cr -1.65 xlO3
Al20 3-Ti02 -1.13 xlO3
Si02-Ti02 -1.01 xlO3








Unit cell type, lattice parameters, and cell size were particular to each interface 
case, thus normalization of energy was required as a final step to compare cases. Figures
7 and 8  show the molecular models built for amorphous silica and alumina in 
combination with titanium, chromium, and their possible oxides.
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Figure 7: Molecular models for QM to calculate interface energy for amorphous silica
substrate and various thin film coatings.
The data suggest that the crystal structure plays a role in the time required for the 
model to reach a converged minimum level of energy. Compatibility of crystal structures, 
as between hexagonal-close-packed (HCP) AhO3 and HCP titanium, took less time to 
converge during the geometry optimization. On the other hand, all cases with amorphous 
silica took longer to converge. The time required to reach convergence during geometric 
optimization could also be an indication of compatibility between layers, suggesting that 
layers between components with similar crystalline structures will have better reliability 
and less probability for defect formation since atoms can settle into natural positions. 
Figure 9 shows the crystal systems of each coating and substrate used to build the 
molecular models.
To agree with the type of silica in the LTCC, amorphous silica was built in a 
consistent manner for all cases via the following steps (Figure 10).
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Figure 8 : Molecular models for QM to calculate interface energy for alumina substrate





Figure 9: Crystal systems of substrates and coatings used to build QM models. Silica 
was built to match the crystal system of each individual coating.
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1. Create a supercell of the coating material with the desired interfacial area.
2. Create an empty periodic cell with lattice parameters match those of the 
coating layer along the interface.
3. Create single-atom models of Si and O (or a single-molecule model of
SiO2).
4. Use the Amorphous Cell module in Materials Studio to pack the Si and O 
atoms (or the SiO2 molecules) into
5. Run geometry optimizations with density-functional-based tight binding 
method to speed up conversion to final structure, starting with the most coarse tolerances, 
and then rerunning with tighter tolerances.
6 . Run geometry optimizations with DMoL3, a DFT method, to converge to 
a more accurate amorphous structure, starting with coarse tolerances, and then rerunning 
with tighter tolerances.
Figure 10: Building amorphous silica.
Once the interface layers were built, CASTEP was utilized for the thermodynamic 
calculations of total energy for each substrate/coating pair as shown in Figures 7 and 8 .
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Table 1 shows the final (equilibrated) energies for 10 systems: SiO2-Ti, SiO2-TiO2, SiO2- 
Ti2O3, SiO2-Cr, SiO2-Cr2O3, Al2O3-Ti, Al2O3-TiO2, Al2O3-Ti2O3, AhO3-Cr, and AhO3- 
Cr2O3. For all cases, SiO2 was built as an amorphous solid to better represent the actual 
LTCC substrate material. Table 2 shows some of the computational parameters used to 
reach equilibration energy as shown in Figures 11 and 12, where silica and alumina 
converged to low energy levels with Cr or its oxide rather than with Ti or its oxides. The 
chromium oxide (& 2O3) coating was found to be the most favorable thin film 
considering that both substrates (SiO2, AhO3) are in almost equal composition on the 
LTCC.
Table 2: QM Parameters for Geometry Optimization
F u n c t io n a l in te g ra t io n  m e th o d G e n e ra liz e d  g r a d ie n t  
a p p ro x im a t io n / P W 9 1
C o n v e rg e n c e  t o le ra n c e s E n e r g y  0 .0 0 1  e V / c e ll 
M a x im u m  fo r c e  1 0 0  e V / A
M a x im u m  s tr e s s  1 0 0  G P a
D is p la c e m e n t  1 0 0  A
E n e r g y  c u to ff 2 6 0  e V
p o in ts C o a rs e
3. CONCLUSIONS
After all runs using the QM approach and based on results shown in Table I and 
Figure 6 , it can be observed that a potential increase in interfacial strength could be 
achieved when selecting chromium over titanium on silica substrates. This study also 
demonstrated that if oxidation of a chromium or titanium layer occurs, the formation of 
those oxides (& 2O3, Ti2O3) will increase the stability of the layer in combination with 
either substrate by ~40%. The oxidation process is something that could possibly be
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addressed and controlled by processing parameters during the thin film depositions. For 
both substrates, the combination with pure Ti leads to the least favorable thermodynamic 
interaction. Also, for both substrates, titanium and its oxides were always less favorable 
than Cr and its oxides. Chromium was also shown to exhibit double the stability on a 
silica substrate as on alumina.
Figure 11: Converging energy for alumina and chromium oxide.
Figure 12: Converging energy for amorphous silica and chromium oxide.
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Thus, a higher concentration of silica over alumina in LTCC will be desirable if 
coating with pure chromium. Preliminary experimental testing has shown results 
consistent with what is described in this theoretical work, confirming that computational 
molecular modeling is a valid tool to drive processing decisions and understand 
materials’ performance.
Advanced software with QM and MD algorithms has progressed to the point of 
predicting thermodynamic properties of some material systems. Using simplified 
assumptions of the materials of interest, a greater understanding of the thermodynamic 
mechanism of adhesion was achieved. QM proved to be the best approach to simulate 
models representing simplified components in the interface interaction of LTCC and thin 
film layers. Crystalline and amorphous structures, of both pure metals and their oxides, 
were considered during this work. Chromium on amorphous silica was shown to be the 
most promising scenario to drive experimentation efforts to improve adhesion strength on 
LTCC and interconnect layers.
Future work should involve the modeling and simulation of diffusion of elements 
as a function of temperature and the effect of contaminants at the interface on interface 
adhesion.
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ABSTRACT
Thin film metal-insulator-metal capacitors were fabricated with varying dielectric 
and electrode thicknesses and areas. Measurement of the dielectric properties of the 
capacitors consistently yielded higher than predicted dielectric constants, which prompted 
the exploration of factors that could enhance the capacitance. Modeling of the fringing 
capacitance and field enhancement due to the capacitor geometry both yield capacitance 
gains, albeit insufficient to fully explain the observed behavior. Other contributions to 
increased device capacitance and apparent dielectric constant are explored as well.
Studies of additional dielectric constant enhancement mechanisms beyond those 
discussed in this paper are in progress.




Thin film capacitors fabricated on low temperature cofired ceramic (LTCC) 
substrates are of interest for reducing the number of solder joints and discrete 
components for high density multichip modules (MCMs) and incorporation into glass 
interposers. [1] [2] In this work, thin film metal-insulator-metal capacitors have been 
developed with varying electrode and dielectric compositions for frequencies up to 15 
MHz. The capacitors also have varying thickness and area in order to achieve specified 
capacitance values between 10 pF and 10 nF. Dielectric materials were selected for 
their stable and predictable dielectric constant and high breakdown strengths that allow 
operation of thin devices at fields approaching 1 x 106 V/cm.
While the overall research included a larger set of materials, the dielectric utilized 
in this study is Al2O3. Polycrystalline Al2O3 is a linear dielectric with a dielectric 
constant of ~9.8. Combined with its electrical resistivity > 1 0 12 Q cm, AI2O3 is desirable 
for capacitor applications that are exposed to elevated temperatures and voltage. In thin 
film form, capacitance values of interest can be achieved with dielectric constants < 1 0 , 
making these materials suitable choices for this development effort.
However, nearly all experimental samples exhibited higher than predicted, or 
enhanced, capacitance values. Potential contributions to the enhanced capacitance 
include fringe effect capacitance, polarizability changes due to the amorphous structure 
of the materials, and accumulation or depletion layers in the dielectric layers, resulting in 
effective thinner dielectric layers. These contributions have been studied individually 
and previously have been thought to be a minor contribution and therefore of little use to
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consider for devices of the size and capacitance studies here. However, as the operational 
frequencies of capacitors have increased to 50-100 GHz and beyond, these contributions 
can minimize insertion losses and therefore their usefulness has increased. [2 ] 
Understanding the contributions to the apparent enhancement of dielectric constant may 
facilitate more accurate predictive models of such devices in new higher frequency 
applications.
For a dielectric under bias, the electric field lines extend beyond the geometry of 
the electrodes through the surrounding medium, be that air or an encapsulant. The 
relative magnitude of this contribution will depend upon the dielectric constant, K, of the 
dielectric and the surrounding medium, the geometry of the electrode edge, and the 
overall size of the capacitor, i.e., smaller capacitors exhibit a larger fringe effect. In this 
work the fringe field capacitance was calculated using 3D electromagnetic analysis 
software by applying physics-based calculations. Others have studied and developed 
empirically derived calculations to apply to capacitors based on an edge effect that 
approximates the enhancement due to the fringe field. [4]
Thin film dielectrics are typically amorphous, and as such, can certainly exhibit 
dielectric constants significantly different from crystalline systems. Intuitively the lower 
density of an amorphous system would lead to a lower K, yet that makes the assumption 
that the ionic polarizability is constant. The open structure of an amorphous system 
could lead to higher ionic displacements under field application. Polarizability 
contributions are also evaluated in this work. The dielectric polarizability, consisting of 
both ionic and electronic polarizabilities, has long been estimated for crystalline materials 
using the Clausius-Mossotti equation. There has also been prior work that has studied the
effect of crystalline versus amorphous structures on the dielectric polarizability of 
compositionally identical dielectrics. This work suggests that structure may impact 
polarizability. [5]
Another potential contributor to dielectric constant enhancement is the formation 
of semiconducting accumulation, depletion, or inversion layers within the dielectric 
immediately adjacent to the electrode. In the world of semiconductors, it is well known 
that these layers form due to differences in the work function. Accumulation or 
inversion layers would reduce the effective dielectric thickness, leading to an increased 
capacitance, and a higher apparent dielectric constant. Accumulation or depletion layer 
formation in these devices is the focus of future work and will not be included in the 
analysis here. Discussion of TiO2 and SrTiO3 capacitor devices will also be presented in 
later papers.
2. CAPACITOR FABRICATION AND CHARACTERIZATION
A series of capacitors was fabricated and studied using various dielectric, 
electrode, and substrate compositions and dimensions. These capacitors were 
characterized and then compared with the contributions to dielectric constant 
enhancement from fringe and edge effects, as well as polarizability enhancement due to 
crystalline versus amorphous phase differences.
Each substrate consisted of 48 capacitors of varying top and bottom electrode 
dimensions. The dielectric thickness was varied between substrates and there was
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thickness variation within substrates due to process effects. The electrode and dielectric
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layer deposition was performed under an Ar backfill. Physical masks were used to define 
the sample geometries, which led to some shadowing at the edges. Nominal physical 
mask dimensions and experimentally measured device geometries were the basis for the 
model geometry used in the calculations later. Vacuum was broken between layers in 
order to change masks and no reactive back sputtering was used between layers. The 
lack of reactive back sputtering may have led to oxide layer formation on some electrodes 
prior to dielectric deposition. Layers consisted of a bottom metal electrode of 500nm 
thickness, AhO3 dielectric of 1000nm thickness, and a top metal electrode of 500nm 
thickness. Metal electrode layers were deposited from 99.99% pure metal targets at 300 
W using a DC magnetron power supply. The AkO3 dielectric was deposited from a 
99.9% pure ceramic target at 200 W using an RF power supply. All materials were 
deposited with a Denton (Moorestown, NJ) Discovery 18 sputter deposition system using 
an atmosphere of 99.999% pure Ar at a working pressure of 5- 8  mtorr. No substrate 
heating was used during deposition.
Device configuration of fabricated samples consisted of Al electrodes and AhO3 
dielectric as deposited on DuPont 951. Electrode widths were fabricated with nominal 
physical mask dimensions of 150, 375, 530, and 750 pm, such that there were an array of 
capacitors of active areas of approximately 0.0225 to 0.5625 mm2. The panel layout is 
shown in Figure 1 and consists of 12 rows and 4 columns of capacitors. The 4 columns 
are subgrouped by top electrode width. The rows have varying top electrode widths and 
every 4th row repeats the bottom electrode width. There are 16 different electrode 
configurations in this layout and 1 0  different capacitor areas represented due to the
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repeating nature of the layout. Every total capacitor area was represented by either 3 or 6  
devices.
Figure 1: Schematic layout of thin film capacitors on LTCC substrate.
Actual electrode dimensions varied from nominal mask dimensions because the 
use of physical masks led to shadowing, which imparted different electrode dimensions 
and were accounted for in later calculations of effective dielectric constant of measured 
devices. Dimensional measurements, both lateral and thickness, were performed on a 
KLA Tencor (Milpitas, CA) P-17 profilometer system. The edges were not probed for 
conductivity to determine the edge since this was beyond the capability of the 
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Figure 2: Typical KLA Tencor P-17 thickness profile.
Dielectric characterization was performed in a Faraday cage using a Hewlett 
Packard (Santa Clara, CA) 4194A Impedance Analyzer at 1 KHz, 10 KHz, and 100 KHz 
at room temperature.
3. FRINGE FIELD EFFECTS AND FRINGE FIELD CAPACITANCE
Additional capacitance is generated at the edge of electrodes due to the extension 
of the electric field beyond the physical electrode edge. This enhancement increases as a 
percentage of the total capacitance as the ratio of the capacitor perimeter to the area 
increases. In semiconductors and circuit design, fringe capacitance can lead to parasitic 
and undesirable performance, however in discrete devices it can be used to engineer 
enhanced performance. [2, 6 ] Accurately understanding and characterizing the extent of 
fringe capacitance has been studied through empirical and basic experiments. [7, 8 ]
Little work has been published that utilizes modern physics based modeling tools to
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evaluate factors that contribute to, and can therefore be used, to predict and engineer the 
extent of fringe capacitance within specific devices.
Other researchers have developed edge correction models to empirically account 
for the fringe capacitance contribution. [4] Their model has been expressed as shown in 
Eq. 1, where the edge capacitance contribution, Ce, is a function of the capacitor 
perimeter, P, and the dielectric thickness, t.
Ce = [0.019ln(P /t) -  0.043JP (1)
In this study, models were developed that approximate the physical structure of 
the as-fabricated devices to account for observed tapering of the electrode and dielectric 
layers. Tapering of the layers is a result of use of a physical “shadow” mask and physical 
vapor deposition for the fabrication of the devices on low temperature cofired ceramic 
(LTCC) and glass substrates. The LTCC substrates were DuPont 951® and the glass 
substrates.
Models were developed for the ideal condition for the capacitor devices using 
CST Microwave Studio (3DS Dassault Systemes) using the electrostatic solver in which 
the capacitor dimensions for the models utilized the defined physical mask dimensions. 
Perfect electrical conductors (PEC) are used for the top and bottom electrodes. The 
dielectric material is placed between the two electrodes. The simulation model is shown 
in Figure 3 and simulations were carried out where the capacitor was placed on a LTCC 
substrate with a dielectric constant of 7.8.
Tapers were added to the edges of all dielectric and electrode layers, however, 
only the taper of the electrodes impacted the model calculations since the dielectric taper 
was outside of the active device area. The dielectric followed the contour of the bottom
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Figure 3: Model diagram 1 (note: the aqua color is the dielectric layer).
electrode taper as show in Figure 4. The tapered devices have the same overall area as 
the non-tapered. The taper starts 10, 100, 200, or 300 pm from the edge of the nominal 
dimensions. Tapering is added to the edge of electrodes as illustrated in Figure 4 and 
Figure 5, and the dielectric layer follows the contour of the electrode layer below it. 
Where the taper length is greater than ^  the nominal width of the electrode, that taper 
length was not applied to that electrode geometry.
Each of the taper geometry angles were calculated using Eq. 2 and is shown in 
Table 1. The model is completely parameterized to allow for a parameter sweep that 
changes the dielectric thickness, electrode thickness, capacitor width, and capacitor 
length. Two sets of simulations were performed: one with fringing fields and one 
without fringing fields. To eliminate fringing fields, magnetic boundary conditions, 
which force the tangential magnetic field to zero, are placed on the sides of the capacitor. 
For the simulation with fringing fields, open boundary conditions were used.
Angle (degrees) = ( sin~1 x  (360) (2)
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Figure 4: Model Cross Section 1.
A tetrahedral mesh was used for the simulations. The mesh density of the model 
was increased around the electrode edges as the magnitude of the electric field varies 
rapidly with position near the edges. A coarse mesh is used in the center of the capacitor 
where there is no electric field variation. The mesh of the simulation model is shown in 
Figure 6  as a top view representation of Figure 3 looking through the electrode at the 
meshing of the dielectric layer. The left-hand Figure 6  provides the entire top view of the 
model and mesh while the right-hand is an enlarged view showing the mesh detail at the 
edges.
An electric potential is defined on the top electrode while no potential is defined 
on the bottom electrode. An effective dielectric constant is then calculated by solving for
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the permittivity using the parallel-plate capacitor formula and the capacitance result from 
simulation.
Table 1: Taper Geometry Combinations.
Electrode Thickness (pm) Taper Length (pm) Taper Angle (°)
1.3 1 0 7.47
1.3 1 0 0 0.74
1.3 2 0 0 0.37
1.3 300 0.25
0.5 1 0 2.87
0.5 1 0 0 0.29
0.5 2 0 0 0.14
0.5 300 0 . 1 0
0.3 1 0 1.72
0.3 1 0 0 0.17
0.3 2 0 0 0.09
0.3 300 0.06
Figure 5: Model Cross Section 2.
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Figure 6 : Tetrahedral mesh of capacitor simulation model.
In these simulations, the behavior for AFO3 is modeled, but SiO2, a lower 
dielectric constant material (K = 3.3) is also modeled. The second material was selected 
for study because of a possible decrease in the dielectric constant of AFO3, due to 
decreased polarizability contributions. Modeling both materials also presents a more 
complete study of the possible magnitude of fringe field contributions to effective 
dielectric constant, enabling consideration of device architectures for high frequency use 
as noted earlier.
4. POLARIZABILITY CONTRIBUTIONS
While fringing field contributions to capacitance, and thus to the calculated 
dielectric constant, may represent one enhancement factor to the calculated permittivity, 
differences in ionic and electronic polarizability in the amorphous versus crystalline state
of the films may represent an additional contribution. The ionic polarizability 
contribution to dielectric constant is expected to decrease with increasing lattice spacing 
simply due to the lower density of charged species in the material. For the dielectric 
layers of the present study, increased interatomic spacing would be expected due to their 
amorphous state as compared with crystalline state. Thus, lower dielectric constants 
would be predicted. Interesting, however, Shannon, et al. [5] observed that the greater 
molar volume of glasses and amorphous phases compared to crystalline compounds of 
the identical compositions led to an abnormal positive deviation of dielectric constant and 
postulated that it was related to the “rattling” of loosely bound cations and disordered 
oxygen anions. This may also be the case in this study.
Polarizability contributions of atoms to the dielectric constant may be estimated 
using the Clausius-Mossotti equation (Eq. 3):
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Ke -  1
Ke + 2
(3)
where Ke is the effective dielectric constant of the material of interest, e0 is the 
permittivity of free space constant (8.85 x 10"12 F/m), nt is the number of i atoms, and 
is the polarizability of i atoms. The sum of the electronic polarizabilities, Ne, ionic 
polarizabilities, Nt, and dipolar polarizabilities, Nd can be summed in the Clausius- 
Mossotti Eq. 3 in a static electric field and represented with the following equations:
Ke -  1 
Ke + 2
1
= —  Neae + Niai + Ndad 
3eo
(4)






In order to solve for the predicted Ke when the dielectric constant of the material 
is unknown as in the case of amorphous AI2O3, Eq. 5 can be transformed to the following 
equation:
8 -N ta , + 1 (6)
*• = 13  4 .
1  3  Ni&i
Possible effects of material structure/density on dielectric constant are analyzed 
below and compared with the results reported by Shannon and coworkers [5], to evaluate 
contributions to apparent dielectric constant.
5. RESULTS AND DISCUSSION
5.1. EXPERIMENTAL MEASUREMENTS
Samples were fabricated and measured across 1 kHz to 100 kHz for capacitance 
and dielectric loss. The capacitors were fabricated on DuPont 951 LTCC. As seen in 
Figure 7, the capacitance increased with increasing area, as expected, although the 
calculated dielectric constant for these samples increased with decreasing area, from a 
value of approximately 12 to a value of 23 for the smallest devices.
5.2. MODEL CALCULATIONS
CST Studio Suite solves for the electric field (E) and the electric flux density (D) 
through the structure. Various post-processing steps can be performed, which include the 
generation of cross sections of the 3D fields and evaluation of the field strength along the 
length of the path or electrode in this case. Figure 8  shows the electric field enhancement
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at the edge of the electrode. To obtain the effect of the electric field enhancement at the 
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Figure 7: Al-Al2O3-Al Capacitors on LTCC substrate active dielectric area vs relative
permittivity and capacitance.
0
Multiple parameters were evaluated within the fringe field model for varying 
electrode thickness, dielectric thickness, and capacitor length and width for the case with 
and without fringing. The model predicts a strong dependence of the dielectric 
enhancement due to the fringe field related to capacitor size. There is an increasing 
enhancement due to the fringe field on the dielectric as the size of the capacitor
decreases, as seen in Figure 9. The field enhanced dielectric constant would increase 
greater than 9% in this material. While this paper has focused on AhO3 as the dielectric, 
other dielectrics were modeled including SiO2 . For comparison, SiO2 with an assumed 
dielectric constant of 3.3, the fringe field contributed to an increase in effective dielectric 
constant by up to 16%.
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Figure 8 : 2D cross section of electric field at electrode edge.
The model results were also evaluated as a function of the dielectric thickness. 
The dielectric thickness had a strong relationship with the enhancement in the dielectric 
constant: thicker dielectric devices, e.g., devices of lower capacitance, had a stronger 
enhancement response compared to thinner dielectric devices. (Figure 10)
Crystalline AkO3 with ideal lattice parameters has a predicted dielectric constant 
of 10 using the Clausius-Mossotti relationship. There would be no dipolar contributions 
to dielectric constant with AhO3 due to the nature of the material. Hexagonal crystalline
AI2O3 has a calculated theoretical density of approximately 3.99 g/cm3. In contrast, the 
density of amorphous AhO3 thin films has been reported to be 2.9 -  3.3 g/cm3, which 
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Figure 9: Model results of Al-Al2O3-Al Capacitors active dielectric area vs relative
permittivity and capacitance.
The Clausius-Mossotti relationship from Eq. 6  was used to calculate the 
permittivity for hexagonal Al2O3 assuming standard and expanded interatomic spacing 
parameters in Table 2. The associated dielectric constant of amorphous AhO3 based on 
interatomic spacing of this magnitude is 6.1 to 4.6, respectively. The model contribution 
of dielectric constant enhancement increases with decreasing dielectric constant, so that a 
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Figure 10: Model Results of Effective Dielectric Constant vs. Dielectric Thickness of Al- 
AI2O3-AI capacitors with various areas (averages of model results displayed).
Table 2: Clausius-Mossotti based dielectric constant calculations for hexagonal AhO3
having expanded lattice parameters.
Interatomic
Spacing












0 % 4.76 12.99 1 0 . 0 0 255.02 0 .0 % 3.98
1% 4.81 13.12 9.03 262.74 3.0% 3.87
2 % 4.86 13.25 8.23 270.63 6 .1% 3.76
3% 4.90 13.38 7.56 278.66 9.3% 3.65
4% 4.95 13.51 7.00 286.86 12.5% 3.54
5% 5.00 13.64 6.52 295.21 15.8% 3.44
6 % 5.05 13.77 6 . 1 0 303.73 19.1% 3.35
7% 5.09 13.90 5.74 312.41 22.5% 3.25
8 % 5.14 14.03 5.41 321.25 26.0% 3.16
9% 5.19 14.16 5.13 330.25 29.5% 3.08
1 0 % 5.24 14.29 4.87 339.43 33.1% 2.99
1 1 % 5.28 14.42 4.64 348.77 36.8% 2.91
1 2 % 5.33 14.55 4.44 358.28 40.5% 2.84
due to fringe fields than a higher dielectric constant material. In the case of AI2O3 with 
dielectric constant of 9.8 in the model, the fringe field contributed to increasing the 
capacitance and effective dielectric constant by up to 10%. The thin films in this study 
were AhO3 in a known amorphous state [1 1 ] and would likely have a density of as low as 
2.9 g/cm3, therefore a dielectric constant of as low as 4.6 from these calculations.
6. CONCLUSIONS
Thin film Al-Al2O3-Al capacitors on LTCC were fabricated and characterized to 
have higher than predicted capacitance. The capacitance was nearly double the predicted 
value in some cases in the characterized capacitors. Fringe field and Clausius-Mossotti 
polarizability contributions to capacitance were modeled for this system as potential 
sources of increased capacitance through dielectric enhancement. Fringe field 
enhancement to dielectric constant was successfully modeled using CST Microwave 
Studio’s electrostatic solver and demonstrated up to a 9% increase in the dielectric 
constant due to fringe enhancements when a tapered electrode was present. While the 
fringe field model does not account for the entire dielectric enhancement observed 
experimentally, it does indicate a trend of increasing dielectric enhancement as the 
capacitor size decreases as observed experimentally.
The polarizability model indicated that interatomic spacing increase expected 
from an amorphous state as compared to a crystalline state would be expected to decrease 
the dielectric constant and is therefore unlikely to have contributed to any enhancement
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of the dielectric in this samples. Other contributions to the observed dielectric 
enhancement of these films are more significant than a fringe field effect.
Another likely contribution to the dielectric enhancement of the thin film 
dielectrics in this study is due to a reduced effective dielectric thickness arising from 
accumulation layers in the dielectric adjacent to the electrodes. Electron beam induced 
current (EBIC) is being used to characterize the cross section of these samples for 
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ABSTRACT
This work systematically studies the effect that electrode composition and 
configuration imparts on dielectric behavior. Thin film capacitors of a Metal-Insulator- 
Metal (MIM) parallel plate configuration on DuPont 951 LTCC were fabricated with 
amorphous AkO3 dielectric and aluminum, copper, or gold electrodes. The electrode 
configuration was varied between both cathode and anode being composed of the same 
metal and each being composed of different metals. Thicknesses of the dielectric and 
electrodes were held constant in this set of experiments. The active area of the MIM 
capacitors and applied voltage were varied. It was observed that the electrode 
composition and the configuration of the electrodes strongly influenced the capacitance, 
dielectric loss, and yield, which is postulated to be strongly influenced by the work
function of the electrode materials in relation to that of the dielectric.
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1. INTRODUCTION
Low temperature co-fired ceramic (LTCC) substrates provide performance 
benefits over other packaging technologies for RF and high frequency applications [1, 2, 
3]. As such, LTCC substrates are used to create Multi-Chip Modules (MCM) for 
mounting and interconnecting semiconductor integrated circuits. These support 
structures are kiln-fired in one or multiple steps, producing a monolithic carrier for the 
surface mounted chips [4]. Traces, vias, and passive devices are fabricated from metal 
pastes, utilizing the full three dimensions of the substrate.
Currently, discrete capacitors are typically surface mounted on LTCC substrates 
[5]. Utilizing thin film capacitors fabricated directly on the LTCC rather than surface 
mounted devices offers packaging miniaturization and integration advantages for RF and 
high reliability applications. In addition, this approach eliminates process steps and 
weaker links, such as solder connections, under aging and extreme environment 
situations. Solder joints in particular are known to effect multilayer ceramic capacitors 
(MLCCs) and system reliability when using MLCCs. [6, 7] However, LTCC substrates 
have much greater surface roughness than traditional thin film substrates or silicon 
wafers, making it imperative that the thin film deposition technique produce highly 
conformal films. Sputtering is a commonly used technique for physical vapor deposition 
and is usable with a wide variety of substrates and deposition materials. It yields
conformal films with good thickness uniformity, purity, and adhesion. Previous work 
(Murray et al.) [8] observed non-linear and anisotropic I-V behavior in thin film 
capacitors on LTCC. While other researchers have observed work function and surface 
roughness effect on I-V behavior of thin film capacitors [9, 10], the yield, effective 
permittivity, and dielectric loss have not been reported.
The configuration for the capacitors in this study was a metal-insulator-metal 
(MIM) design. The thin film capacitors were fabricated via DC magnetron sputtering on 
DuPont 951 LTCC substrates using AhO3 as the dielectric and three types of metal 
electrode configurations: 1) a single metal type was used for both electrodes; 2) a bi-layer 
metallic (bimetallic) electrode consisting of a thin coating of Al between Cu and the 
dielectric; and 3) a two metal electrode system with Al as one electrode and Cu as the 
other electrode. The electrodes and dielectric deposition were defined using physical 
masks. Area of the capacitors varied between 0.0225 mm2 and 0.5625 mm2 and were 
measured optically to verify resulting dimensions.
Previous work has shown a strong effect of sputter conditions [11-14], metal- 
dielectric interfaces [15-17], space charge effect [18], and surface roughness [19] on 
capacitor performance. Metals used in the single material electrode case were Ag, Al,
Au, Cu, and Pt to evaluate the effect of the material interplay at the interface between the 
electrode and the dielectric on capacitor performance. In the second case of a bi-layer 
metallic electrode, the dependence of the capacitor performance on the thickness of a thin 
Al layer deposited between the bulk Cu electrode and the dielectric was studied. The 
third case contrasts the top and bottom positions of the dissimilar Al and Cu electrode
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materials.
An extensive current-voltage, capacitance, and dissipation characterization and 
understanding of the electrode interaction with the dielectric is presented below. Energy 
band theory and models were qualitatively used to assess their influence on the results of 
this work. Quantitative modeling was beyond the scope of this study; existing software 
treats dielectrics as perfect insulators, with no internal band bending. Yes the influence 
of work function of the electrodes related to the dielectric have been shown by other 
researchers to have a strong influence on capacitor performance. [9, 10] Results show a 
marked improvement in device performance when aluminum is in direct contact with the 
dielectric on LTCC substrates.
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2. EXPERIMENTAL
Capacitors were sputter deposited through physical masks in three separate layers 
onto 11x11 cm LTCC substrates (Figure 1). Layers consisted of a bottom metal electrode 
of 500 nm thickness, AhO3 dielectric of 760 to 1010 nm thickness, and a top metal 
electrode of 500 nm thickness. The composition of the electrodes consisted of pure 
metals or stacked combinations of Ag, Al, Au, Cu, and Pt.
Metal electrode layers were deposited from 99.99% pure metal targets at 300 W 
using a DC magnetron power supply. The AhO3 dielectric was deposited from a 99.9% 
pure ceramic target at 200 W using an RF power supply. All materials were deposited 
with a Denton Discovery 18 sputter deposition system using an atmosphere of 99.999% 
pure Ar at a working pressure of 5 -  8 mtorr. No substrate heating was used during 
deposition.
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Figure 1. Schematic of relative alignment of the three physical masks. Gray vertical 
bars represent the dielectric and the black features represent the metal electrodes.
The physical masks were fabricated at Towne Technologies, Inc. (Somerville, NJ) 
using a bilayer Cu/Ni composition. Widths of the bottom and top electrodes on the 
masks were approximately 0.150, 0.380, 0.530, and 0.750 mm. The 90° orientation of the 
electrodes allowed for better tolerance to possible mask misalignment, ensuring greater 
yield based on purely geometrical conditions. The array of 4 columns and 12 rows 
results in 48 devices with 10 different areas nominally ranging from 0.0225 mm2 to 
0.5625 mm2. Due to “bowing” of the mask during deposition, capacitor areas were 
generally increased from the nominal. This effect was minimized by the use of magnets 
to hold the masks in position. Nevertheless, all capacitors were measured optically to 
determine the actual capacitor areas as shown in (Figure 2).
Initial screening of devices was done with a digital multi-meter. The specification 
for a “good” capacitor was a resistance of > 2 Mfl. For a 0.150 x 0.150 mm2 capacitor 
with a dielectric thickness of 1 pm this corresponds to a resistivity = 4.5 x 106 flcm  
Results were calculated as percent yield out of 48 possible devices. Capacitance and tan 5 
were measured from 1 kHz to 10 MHz with an HP 4194A impedance analyzer. Results
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Figure 2. Picture of thin film capacitor created by overlapping two traces at a 90° 
angle, making actual effective capacitor area more apparent.
were plotted as relative permittivity vs. area and tan 5 vs. area. Current-voltage 
characteristics were measured with an HP 4140B pA meter from +Vmax to -Vmax in an 
alternating sequence with a 5 minute charging time at each voltage, e.g., 0.05Vmax, - 
0.05Vmax, 0.1Vmax, -0.1Vmax, etc. At Vmax = 5 V, this corresponds to electric field 
strengths of ±50 kV/cm for a 1000 nm thick dielectric. The alternating approach was 
used to evaluate asymmetry of the I-V behavior, and to ensure data was obtained in both 
bias directions in the even breakdown occurred. Results are reported as current density, J 
(A/cm2), vs. electric field strength, E (V/cm).
The basis for comparison of the electrode systems was: A. device yield; B. 
capacitance, relative permittivity, and tan 5 vs. area; C. J-E characteristic; and D.
electrical breakdown.
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3. RESULTS AND DISCUSSION
Table 1 summarizes the nine different combinations of electrodes and dielectrics 
utilized in this study. Schematic representations of each electrode configuration are 
shown' in Figure 3. All single metal samples are represented in Figure 3 (top) and have 
the same electrode metal composition for the bottom and the top electrode. All bimetallic 
samples consist of two metals composing each electrode, as shown in Figure 3 (middle) 
with the exception of one sample set that was coated with a thin Cu layer to improve 
solderability. The two metal electrode samples are shown in Figure 3 (bottom) and have 
a single metal layer as the bottom electrode and a different composition single metal layer 
as the top electrode.
Table 1: Summary of electrode configurations for capacitors evaluated in this study
Electrode Configuration M etal A M etal B
Single M etal A l N /A
Single M etal A g N /A
Single M etal Au N /A
Single M etal Cu N /A
Single M etal Pt N /A
Bim etallic Cu A l
Bim etallic A l Cu
Tw o M etal A l Cu
Tw o M etal Cu A l
3.1. SINGLE METAL ELECTRODES
Testing began using Ag, Al, Au, Cu, and Pt as electrode systems for purposes of 
good electrical contact. For purposes of solderability Cu, Au, and Pt were preferred 
materials. However, good yields were only obtained by using Al electrodes (Table 2).
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Metal A
Figure 3: Cross sectional diagram of single metal (top), bimetallic (middle), and two
metal (bottom) electrode capacitors.
Table 2: Single metal electrode systems.
Electrode C onfiguration Yield (%  w ith M ean tan  S
(bottom -dielectric-top) R>2M Q ) (100 kHz)
500nm  A g- 1000nm  A kO 3-500nm  Ag 0% n/a
500nm  A l-1000nm  A kO 3-500nm  A l 85% 0.047
500nm  A u-1000nm  A kO 3-500nm  A u 69% 0.15
500nm  C u-1000nm  Al2O3-500nm Cu 37% 0.08
500nm  P t-1000nm  Al2O3-500nm P t 0% n/a
Ag and Pt in particular yielded no working devices, while Au devices generally 
performed poorly in AC impedance analysis. For this reason, all subsequent testing 
focused on Al, Cu, and various combinations of these two materials.
Figure 4 shows relative permittivity and dissipation for electrodes that yielded 
functional capacitors: Al, Au, and Cu electrodes. Relative permittivity is consistent 
across the frequency range 1 kHz -  10 MHz for all electrode materials. Dissipation is 
decreasing for the pure Al sample over the frequency range 1 kHz -  1 MHz, while it is 
somewhat erratic for the pure Cu sample. The dissipation values for the Au electrode 
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Figure 4: Average relative permittivity (top) and dissipation (bottom) for Al-AhO3-Al,
Au-AhO3-Au, and Cu-AhO3-Cu.
62
Current density measurements for the single metal Al samples appear to be space 
charge limited (Figure 5). The current density of single metal Al samples equates to 
resistivity values in the range of 1 -  100 TQ cm and may be considered excellent 
insulators in this range. The single metal Cu samples exhibit breakdown at field 
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Figure 5: Representative current density vs. electric field behavior for Al and Cu single
metal electrode systems.
3.2. BIMETALLIC ELECTRODES
Maintaining a Cu contact is desirable for solderability purposes, however in the 
single metal electrode system the Cu exhibited breakdown at unacceptable field strengths 
and a higher current density than Al at lower fields. Because of the poor performance of 
the Cu electrode samples we conjectured that a thin layer of Al at the interface in direct 
contact with the dielectric as seen in Figure 3 (middle) could mitigate the effect of Cu on 
device yield and performance.
Initially 50 nm of Al was interposed between the AhO3 dielectric and the Cu 
electrode material. The total electrode thickness was maintained at 500 nm with
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systematic increases of Al thickness of 10, 20, 50, and 80 nm and observed the effect on 
yield. As show in (Table 5) yield generally increased with Al thickness until a thickness 
of 80 nm was reached, the maximum Al thickness tested for bimetallic electrodes.
Table 3: Bimetallic electrode systems
Electrode C onfiguration  (bottom -dielectric-top) Yield (%  w ith M ean tan -S
R>2M Q ) (100 kHz)
420nm  C u-80nm  A l-1000nm  A kO 3-80nm  A l-420nm  Cu 75% 0.13
450nm  C u-50nm  A l-1000nm  A kO 3-50nm  A l-450nm  Cu 49% 0.035
480nm  C u-20nm  A l-1000nm  A kO 3-20nm  A l-480nm  Cu 65% 0.20
490nm  C u-10nm  A l-1000nm  A kO 3-10nm  A l-480nm  Cu 56% 0.10
450nm  A l-50nm  C u-1000nm  A kO 3-450nm  A l-50nm  Cu 
(Solderable surface)
35% 0.16
Since the use of a thin layer of Al was successful in mitigating the detrimental 
effect of Cu electrodes, whether or not a thin layer of Cu on thick Al electrodes would 
provide a solderable surface without adversely affecting device yield and performance 
was investigated. Device yield was comparable to pure Cu electrode systems (Table 2), 
but dissipation was relatively high compared to both pure Cu electrodes and typical 
bimetallic electrodes. Relative permittivity was similar to typical pure Al or pure Cu 
systems (Figure 6).
3.3. TWO METAL ELECTRODES
These studies illustrate that the common condition of good performing electrode 
systems was having at least one electrode with Al directly in contact with the dielectric.
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Additionally, energy band simulations supported the idea that top electrode composition 
plays a strong role in device performance. In all cases the Fermi level of the top 
electrode is pinned to the Fermi level of the dielectric, however when Al is the top 
electrode there is band bending in the dielectric vs. no band bending when Cu is the top 
electrode. Also, the energy level of the bottom electrode is dependent on the composition 
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Figure 6: Average relative permittivity (top) and dissipation (bottom) for bimetallic
electrode configurations.
Because of these results, samples were produced where the top and bottom 
electrodes were composed of two different metals: either Cu on bottom and Al on top
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(Cu-Al); or Al on bottom and Cu on top (Al-Cu). Figure 7 shows the impedance analysis 
for these samples. Relative permittivity is essentially the same for all two metal electrode 
configurations studied (Al-Cu and Cu-Al). However, dissipation and yield are strongly 
dependent on the electrode configuration. In terms of yield and dissipation the Cu-Al 
configuration is best, having an average yield of 93% (Table 4) and dissipation less than 
0.02 at frequencies from 100 kHz -  1 MHz.
Current density measurements also show a difference between the Cu-Al and Al- 
Cu configurations. The Al-Cu configuration has a resistivity of 1 GQcm -  100 TQcm 
and may be beginning to breakdown at field strengths > | 40|  kVcm-1 (Figure 8).
Hwei et al. have suggested that electrically induced diffusion of Cu ions were 
responsible for breakdown of MIM capacitors with an Al bottom electrode and Cu top 
electrode. [20]
Table 4: Two metal electrode systems
Electrode C onfiguration Yield (%  w ith M ean tan-8
(bottom -dielectric-top) R>2M Q) (100 kHz)
500nm  A l-1000nm  A kO 3-500nm  Cu 65% 0.07
500nm  C u-1000nm  A kO 3-500nm  A l 93% 0.015
The basic question to address is why noble metals such as Pt and Au did not work 
for fabricating these MIM capacitors. Certainly within the early days of multilayer 
ceramic capacitors, Pt, Pt/Au, Pt/Pd/Au and other refractory noble metal systems were 
commonly used as the electrode of choice for high reliability capacitors. This was driven 
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Figure 7: Average relative permittivity (top) and dissipation (bottom) for two metal 
electrode configurations. Note that two sets of Cu-Al samples with the same 
characteristics were studied (denoted as Cu-Al and Cu-Al2).
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Figure 8: Representative current density vs. electric field behavior for Al-Cu and Cu-Al
two metal electrode systems.
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contact with a semiconductor or dielectric, differences in the work functions cause 
electron transfer as the Fermi levels equilibrate. For semiconductors, this is a well 
understood phenomenon that controls whether ohmic or non-ohmic, rectifying contacts 
form. Within the semiconductor accumulation, depletion or inversion layers will form 
depending upon the relative work functions, and electron/hole concentrations. This also 
affects the depth, w, that band bending occurs in the semiconductor, and can be modeled 
using Poisson’s equation (Eq. 1):
- = [? r a H 1/2 (i)
where Na and Nd are the hole and electron concentrations, A^ is the difference in work 
functions, s is the permittivity and q the charge on an electron.
This depth increases with the permittivity of the semiconductor, smaller carrier 
concentrations and the A0. When creating a capacitor, whether or not the metal forms an 
ohmic or non-ohmic contact is typically irrelevant since the device by choice needs to be 
an insulator; that is, unless the thickness of the resultant band bending that occurs is on 
the same order as the dielectric thickness.
Table 5 contains the work functions of the metals used in this work, and that of 
AhO3. In all instances, the work functions of the metal are greater than that of the 
AhO3, meaning that all will form non-ohmic contacts. For an insulating dielectric such 
as AhO3, this would result in the formation of p-type accumulation layers within the 
dielectric. The metals that did not work in this study, Pt and Au, have the greatest work 
function difference compared to AhO3. The metals that worked better, Al and Cu, have 
work functions closer to AhO3. These results suggest that the band bending occurring in
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the AI2O3 for the high work function metals is overlapping enough to effectively decrease 
the overall resistivity and rendering the devices useless as a capacitor.
Table 5: Work Functions of Metals [21] and AhO3 Dielectric [22].
Metal Work Function (eV)
Al 4.06 -  4.41
Au 5.1 -  5.47
Cu 4.48 -  4.94
Pt 5.65 -  5.7
AhO3 3.90
Modeling efforts are challenging since carrier concentrations for AhO3 are 
unknown. If the intrinsic reaction is assumed to control conduction, then Na = Nd, and 
the actual carrier concentration will be negligible at room temperature since the band gap 
of AhO3 is ~ 7 eV. Using Na = 104/m3, er = 10, and A0 = 1 eV, as an example, the 
penetration depth calculates to be 133 nm, a number that is appreciable compared to the 
dielectric thickness of 1000 nm. Band bending of this magnitude might, therefore, 
decrease the effective thickness of the dielectric, contributing to higher observed effective 
dielectric constants. We plan to further investigate this contribution to capacitor 
performance.
4. CONCLUSIONS
The results of this investigation show that the material composition of the
electrodes plays a critical role in capacitor performance. In particular, an aluminum layer 
in the top electrode in direct contact with the Al2O3 dielectric provides significant
improvements in yield, dissipation, and dielectric strength compared to copper only 
electrodes, while Cu contributes improved solderability characteristics. The exact nature 
of the electrode-dielectric interaction is unknown, but appears to be related to band 
shifting in the dielectric; a focus of current work. Future investigations will also widen 
the range of electrode materials and processing to determine this relationship.
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SECTION
2. CONCLUSIONS AND RECOMMENDATIONS
2.1. CONCLUSIONS
Automotive, mobile, medical, 5G, and other high reliability industries continue to 
drive demand for high density microelectronic packaging and components such as 
capacitors. The high reliability requirements of these industries in particular make LTCC 
an attractive choice for performing in demanding environments. Current LTCC and 
MCM technology can benefit from further integration of passive components and 
technologies like the use of thin films to overcome limitations. [41-43] Thin film 
integration with LTCC and MCM technology has been previously studied and this 
research expands upon some of that work. Specifically, this research addresses the 
interaction of the substrate properties with thin film performance for circuit and capacitor 
functions.
Paper I evaluates limitations with adhesion of thin films on the LTCC substrates. 
A simplified model of the LTCC substrate is developed that uses AhO3 and amorphous 
SiO2 as surrogate constituents to represent the complex composition. A quantum 
mechanics model is applied to the simplified LTCC model with Ti and Cu metallizations 
and their oxides to understand thermodynamic interface energetics associated with each 
combination. The model and calculations indicate lower interfacial energies associated 
with Ti on AhO3 as compared with amorphous SiO2 . These model results were 
empirically confirmed with peel tests on treated and untreated substrates where the
treated substrate resulted in increased exposure of AI2O3 grains at the surface and 
superior adhesion of the Ti metallization.
Paper II describes various mechanisms which can contribute to dielectric constant 
enhancement. In this research, higher than expected capacitance was observed in thin 
film, amorphous AhO3 MIM capacitors on LTCC. The measured capacitance and device 
dimensions were used to calculate effective dielectric constants for the devices that were 
higher than the reported dielectric constant for AhO3. Dielectric constant enhancements 
were inversely proportional to device size. Fringe field capacitance was modeled in this 
study using advanced computing capabilities to determine the contribution of fringe field 
due to electrode size and geometry on increased capacitance and therefore dielectric 
constant enhancement. The model indicated increases in calculated dielectric constant of 
up to 9% for the smallest devices in the study, however this enhancement was 
significantly lower than observed in actual samples. This difference between fringe field 
capacitance contributions and measured capacitance indicates additional contributions to 
dielectric constant enhancement are present that are not accounted for by the model.
Paper III reports on thin film, amorphous AhO3 capacitors on LTCC with various 
thin film metal electrode compositions and configurations. Ag, Al, Au, Cu, and Pt were 
used as electrode materials individually and in some cases in combination. This study 
observed that electrode composition plays an important role in capacitor performance and 
yield. Al exhibited the most consistent dielectric strength, dissipation, and yield. In 
combination with Cu as one electrode, Al as the top electrode also performed similarly to 
when Al was the top and bottom electrode material. Consideration of the capacitor yield 
data for the different electrode materials, e.g., work function effects, together with a
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rudimentary calculation of band bending depth seem to suggest that accumulation regions 
in the dielectric may be related to both observed yield behavior and dielectric constant 
enhancements.
2.2. RECOMMENDATIONS
The current research presented a partial understanding of the overall objectives 
need to develop thin film capacitors for high reliability applications, however additional 
work is recommended. Methods to quantify effective dielectric thickness, 
characterization of capacitor temperature dependence, additional energy band modeling, 
and the development of an empirical model of dielectric constant enhancement are some 
of the future work that will benefit the development of these devices.
2.2.1. Quantification of Effective Dielectric Thickness. The results of this 
research have evaluated the inferred effective dielectric thickness of AEO3 thin film MIM 
capacitors on LTCC and prior work has quantified the as-deposited physical thickness of 
the AhO3 and electrode films. Methods to quantify the actual effective dielectric 
thickness will aid in confirming the mechanism(s) of the increased effective dielectric 
constant. One method to quantify the effective dielectric thickness is electron beam 
induced current (EBIC). Some experimentation was conducted with the EBIC technique 
to image and measure thickness indirectly through picoammeter results with initial 
imaging showing some promise, however, further investigation is needed to optimize the 
SEM and EBIC configuration such that ambient EMI is minimized.
2.2.2. Temperature Dependence Characterization. Temperature dependent I- 
V/J-E measurements would further confirm non-linear conduction mechanisms in the
dielectric layer of the capacitors. Samples from this research have been consumed 
though and are no longer available for this characterization. New samples are required as 
well as a suitable test setup that includes a programmable temperature chamber, pico- 
ammeter, LCR bridge, and sample fixture. This setup was created and used to 
characterize a set of SrTiO3 capacitors and has been shown to be capable of the necessary 
measurements.
2.2.3. Energy Band Modeling. Confirmation of work function and energy band 
contributions to electrode composition effects on dielectric performance and yield has yet 
to be completed with models capable of representing the as-fabricated devices within this 
study. Several modeling software suites and custom developed programs have been 
researched. Based on this research, the COMSOL Semiconductor module may be 
capable of this complex modeling where other programs have had insufficient 
capabilities and/or errors that prevent accurate modeling of the electrode composition 
effect on dielectric behavior.
2.2.4. Dielectric Enhancement Model. The fringe field enhancement model 
results in Paper II indicated a trend in enhancement of dielectric constant that related to 
capacitor size, while not accounting for the entire magnitude of enhancement. The 
energy band calculations presented in Paper III indicate a relationship with electrode 
metallization and configuration creating semiconducting regions in the dielectric that may 
also enhance the dielectric constant through reduction in the effective thickness of the 
dielectric. An empirical model should be developed that includes the dielectric 
enhancement contributions from these multiple sources and could be utilized by 
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